The hormone ouabain has been shown to enhance the cystic phenotype of autosomal dominant polycystic kidney disease (ADPKD). Among other characteristics, the ADPKD phenotype includes cell de-differentiation and epithelial to mesenchymal transition (EMT). Here, we determined whether physiological concentrations of ouabain induces EMT in human renal epithelial cells from patients with ADPKD. We found that ADPKD cells respond to ouabain with a decrease in expression of the epithelial marker E-cadherin and increase in the expression of the mesenchymal markers N-cadherin, α smooth muscle actin (αSMA) and collagen-I; and the tight junction protein occludin and claudin-1. Other adhesion molecules, such as ZO-1, β-catenin and vinculin were not significantly modified by ouabain. At the cellular level, ouabain stimulated ADPKD cell migration, reduced cell-cell interaction, and the ability of ADPKD cells to form aggregates. Moreover, ouabain increased the transepithelial electrical resistance of ADPKD cell monolayers, suggesting that the paracellular transport pathway was preserved in the cells. These effects of ouabain were not observed in normal human kidney (NHK) cells. Altogether these results show a novel role for ouabain in ADPKD, inducing changes that lead to a partial EMT phenotype in the cells. These effects further support the key role that ouabain has as a factor that promotes the cystic characteristics of ADPKD cells.
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is an inherited disorder that occurs in 1:400-1:1000 individuals worldwide [1] . ADPKD is initiated by mutations in either the PKD1 or PKD2 genes, which encode for polycystin-1 and polycystin-2 (PC1, PC2) respectively [2] [3] [4] . The main manifestations of ADPKD appear in the kidney, with the formation of numerous epithelial-lined cysts that develop throughout the nephron and predominantly in collecting duct cells. Cysts progressively expand, impair renal function, and lead to end stage renal disease in 50% of the affected individuals by age 60 [5, 6] . Many patients with ADPKD require dialysis or undergo transplant therapy [6, 7] .
ADPKD cystic epithelial cells have been shown to display an undifferentiated phenotype and to undergo epithelial to mesenchymal transition (EMT) changes as part of their phenotype. Thus, in ADPKD kidneys there is upregulation of EMT-related genes and increased fibrosis [8] [9] [10] [11] [12] [13] [14] . In addition, it has been suggested that ADPKD renal epithelial cells show an abnormal response to injury, signaling a "wounded status," which initiates a futile wound-healing program that exacerbates the progression of the disease [15] . This injury response has been shown to be associated with conversion into an EMT phenotype [16, 17] . In addition, PC1 has been reported to directly interact with a number of proteins that are involved in EMT. For instance, PC1 localizes at the junctions of renal epithelial cells grown in vitro [18, 19] , and interacts with components of focal adhesion complexes and the extracellular matrix (reviewed in [20] ). Moreover, the altered expression of PC1 in MDCK cells has been shown to promote EMT-like characteristics, such as cytoskeletal changes, rearrangement of cell adhesion proteins, and altered cell migration [21] .
Although ADPKD is a genetic disorder, environmental factors and hormones have been shown to significantly affect the severity of the disease [22, 23] . We have previously shown that the hormone ouabain, a steroid produced in the adrenal glands [24] , is one of those effectors. Ouabain activates signaling events that lead to changes in cell metabolism, adhesion, and growth in a cell type specific manner [25] [26] [27] [28] [29] . These effects are mediated by the binding of ouabain to its receptor, Na,K-ATPase (NKA), a plasma membrane protein complex also involved in the active exchange of Na + and K + across the cell surface [30] . The mechanism of action of ouabain does not only involve changes in intracellular ion concentrations that result from inhibition of NKA ion transport activity, but it also depends on the stimulation of a cascade of secondary messengers in the target cells that depend on the function of NKA as a cell signal transducer [31] [32] [33] . We have previously shown that the NKA of epithelial cells derived from the cysts of patients with ADPKD exhibit an affinity for ouabain, which is significantly higher than that of normal human kidney epithelial cells (NHK cells) [27] . In ADPKD cells, physiological concentrations of ouabain (3 nM), promote the activation of extracellular regulated kinase (ERK) signaling and increase the proliferation of ADPKD cells. Moreover, ouabain stimulates the cAMP induced transepithelial secretion of fluid by ADPKD cell monolayers, enhances the growth of ADPKD microcysts cultured in a 3-D collagen matrix, and promotes tubular expansion in embryonic kidneys from ADPKD mice grown in vitro [26, 34] . In contrast, ouabain does not affect proliferation and fluid secretion by normal human kidney (NHK) cell monolayers, or induce tubular dilation in metanephric organ cultures of wild type mice [27, 35] . Increased cell proliferation and fluid secretion are hallmarks of the pathogenesis of ADPKD. Therefore, ouabain is a circulating factor that can potentially influence the progression of ADPKD [26, 27, 35] . Interestingly, signal transduction pathways that are known to promote EMT, such as EGFR, SRC, PI3K, ERK1/2, and PKC have been shown to be activated by the binding of ouabain to NKA in different cell types [32, [36] [37] [38] [39] [40] . In addition, ouabain has been shown to alter the content of cell junctional proteins and to affect cell-tosubstrate adhesion of MDCK cells, [28, [41] [42] [43] . Interestingly, marinobufagenin another member of the cardiotonic steroid family of compounds (to which ouabain belongs), induces fibrosis and EMT like effects in the kidney [44] . It is therefore plausible that ouabain could enhance the ADPKD phenotype, not only by activating cell proliferation and cAMP dependent fluid secretion, but perhaps also by promoting EMT. In the present study, we determined whether physiological concentrations of ouabain stimulate EMT in NHK and ADPKD cells. Our results suggest that ouabain induces changes in ADPKD cells that correspond to a partial EMT phenotype and that this may contribute to enhance the cystic properties of ADPKD cells.
Materials and methods

Cell cultures
A protocol for the use of human kidney tissues was approved by our institutional review board at Kansas University Medical Center (KUMC). Primary cultures of ADPKD and NHK cells were derived from discarded human kidneys with the assistance of the PKD Biomaterials and Cellular Models Core at KUMC.
ADPKD kidneys (14 males, 15 females) were obtained from the surgery department at the Kansas University Medical Center and hospitals participating in the Polycystic Kidney Research Retrieval Program through the PKD Foundation (Kansas City, MO). The average age of the ADPKD patients at the time of the nephrectomy was 53 years (with a range of 42-73 years), and most patients were at or near end stage renal disease (ESRD). These kidneys were most likely from PKD1 patients because 85% of the ADPKD cases are caused by PKD1 mutations, and individuals with PKD2 mutations have a milder phenotype and later onset of ESRD (median age, approximately 54 years for PKD1 mutations versus 74 years for PKD2 mutations) [45] . Normal human kidneys (7 males, 4 females; average age, 44 years) that were unsuitable for transplantation, because of abnormalities in the vasculature or presenting poor perfusion characteristics, were obtained from the Midwest Transplant Network (Kansas City, KS). Kidneys were obtained at the time of surgery, sealed in a sterile bag, immediately submerged in ice and shipped overnight to the PKD Biomarkers and Biomaterials Core at KUMC for generation of the primary cell cultures. Primary cell cultures were prepared as previously described [46] . Briefly, ADPKD cell cultures were obtained from multiple surface cysts ranging in size; NHK cells were cultured from sections of the cortex and outer medulla. Primary cultures of ADPKD and NHK cells stained for Dolichos biflorus lectin, indicating the cultures are enriched in collecting duct cells [47] . Cells were seeded and grown in DMEM/F12 supplemented with 1% heat-inactivated fetal bovine serum (FBS), 100 IU/ml penicillin G and 0.1 mg/ml streptomycin, 5 µg/ml insulin, 5 µg/ml transferrin, and 5 ng/ml sodium selenite (ITS). All experiments were done with ADPKD and NHK cells obtained from at least three different patients.
Protein extraction and Immunoblots
ADPKD and NHK cells were treated with 3 nM ouabain at 70% confluency for 24 or 48 h in low FBS (0.002%) media. Untreated cells served as controls. Cells were then washed with ice-cold PBS and lysed with RIPA buffer (1% NP-40, 0.25% sodium deoxycholate, 1 mM NaVO3, 1 mM NaF, 150 mM NaCl, 1 mM EDTA, 50 mM Tris, and protease inhibitor cocktail (Sigma, St. Louis, MO). Cleared lysates were stored at −80°C. To obtain membrane extracts, CNM kit (Biochain Institute, Inc, Hayward, CA) was used following the manufacturer's instructions. Protein concentration was measured using the dye binding assay from Bio-Rad (Hercules, CA). Total protein (20 µg) and membrane extracts (10 µg) were electrophoresed on a 10% polyacrylamide gel and transferred to nitrocellulose membrane. Immunoblots were probed with antibodies against occludin, claudin-1, ZO-1, Ecadherin (ThermoFisher Scientific, Waltham, MA), vinculin (Millipore, Temecula, CA), αSMA (Sigma, St. Louis, MO), N-cadherin, vimentin, pSMAD3 (Cell Signaling, Danvers, MA), TGFβ, fibronectin, and snail (Santa Cruz Biotechnology Inc., Dallas, TX), following protocols described previously [27] . After detection using chemiluminescence, the images were scanned and quantified for band intensity using the Gel-Pro software. The protein levels were normalized against tubulin levels and expressed as density units relative to the untreated controls.
Cell aggregation assays
ADPKD and NHK cells were suspended at 25,000 cells/ml in 50 ml conical tubes media containing 0.002% FBS with or without ouabain (3 nM). Cells were incubated in the tube with loosened cap at 37°C and 5% CO 2 for 1 h in a shaking incubator at 100 rpm to allow the cells to form aggregates. Cell aliquots (500 μL) were collected at 0, 30 and 60 min and placed on ice. After addition of 500 μL phosphate buffered saline (PBS), 0.4% Tween-20, cells were labeled with the nuclear dye DAPI. The amount of cell clusters was quantified using flow cytometry (LSRII flow cytometer, Beckton Dickinson, Franklin Laks, NJ).
Cell migration assays
ADPKD or NHK cells were plated on 6 well plates and grown until confluency. Cells were then switched to medium with 0.002% FBS for 24 h and treated in the absence and presence of 3 nM ouabain. Then, a scratch was made on the cell monolayer using a pipette tip and healing of the wound in the monolayer was monitored using an inverted microscope connected to an imaging system (Celigo imaging cytometer; Nexcelom, Biosciences LOC, Lawrence MA) at 0, 4 and 8 h after the scratch. Images were analyzed using ImageJ software.
Immunofluorescence analysis
ADPKD and NHK cells were grown until they achieved confluency on transwell inserts plates and then incubated in 0.002% FBS for 24 h. Ouabain (3 nM) was applied to the basolateral side of the cells for additional 24 h. Cell monolayers were washed three times with ice-cold PBS and treated for 20 min with methanol at −20°C. After three additional washes with PBS, samples were blocked for 1 h with 0.5% BSA, and incubated for 1 h at 37°C with the corresponding specific primary antibody. Samples were washed 3 times as above and samples were incubated with FITC conjugated goat anti mouse or anti rabbit antibodies (1:1000) depending on the source of the primary antibody. After 3 washes with PBS, samples were mounted on glass slides with Slow Fade Gold Antifade reagent containing DAPI (ThermoFisher Scientific, Waltham, MA), and viewed on a Nikon Eclipse 80i equipped with digital camera.
Transepithelial Electrical Resistance (TER) measurements
Transepithelial electrical resistance (TER) was measured using Transwell permeable supports (0.4 µm, 12 well, Corning, NY). Cells were seeded on Transwell filters at a density of 120,000 cells/cm 2 . Cells were grown until they achieved confluency, time at which they were switched to medium with 0.002% FBS for 24 h and ouabain was applied at a concentration of 3 nM to the basolateral side of the cells. Cultures were further maintained in culture for 24, 48 and 72 h, then TER was measured by using the automated ohmmeter system, cellZscope (NanoAnalytics, Munster, Germany).
Statistical analysis
All the experiments were performed in triplicates with cystic epithelial cells obtained from at least three different ADPKD patients. Statistical significance of the differences between ouabain treated and untreated controls was determined by Student's T-test. ANOVA was used for determining the significance for Dextran assays. Statistical significance was defined as P < 0.05.
Results
Ouabain alters the expression of EMT markers in ADPKD cells
Changes resembling EMT, which may contribute to the cystic phenotype, have been reported in ADPKD [48] . Based on our findings that ouabain enhances other aspects of ADPKD cystogenesis, we tested whether ouabain could induce EMT changes in ADPKD cells. Initially, we examined the expression of common markers of EMT after 24 h treatment of the cells with or without 3 nM ouabain. Immunoblot analysis of EMT related proteins in NHK cells showed that ouabain had no significant effect on expression levels of E-cadherin, N-cadherin, αSMA, collagen-I, vinculin, or fibronectin (Fig. 1A-F) . In contrast, ouabain treatment decreased the epithelial marker E-cadherin and increased the mesenchymal markers N-cadherin, αSMA, and collagen-I in ADPKD cells (Fig. 1A-D) . The expression of other mesenchymal markers, such as vimentin and fibronectin where not changed in ADPKD cells with ouabain treatment (Fig. 1E and F) . In addition, to determine if ouabain has delayed effects on this last EMT markers, we performed extended experiments in which we treated the cells with ouabain for 48 h. This, similar to the experiments at 24 h, showed no changes in vimentin and fibronectin (Supplemental Fig. 1) . Altogether, these results show that ouabain is able to induce protein expression changes that are commonly found in EMT. The lack of effect for some EMT markers, even after 48 h incubation with ouabain, suggests that not all EMT markers are regulated by ouabain and that this hormone is unable to induce a full EMT switch of the ADPKD cells.
Ouabain modifies cell-cell adhesion properties in ADPKD
In order to investigate if ouabain influences cellular events that are associated with EMT in ADPKD cells, we studied the effect of ouabain on the adhesion properties of the cells. ADPKD and NHK in suspension were treated with and without 3 nM ouabain and then were allowed to form aggregates under incubation in a shaker. The number of 2 n and 4 n nuclei, indicative of aggregated cells, was evaluated by flow cytometry. Ouabain did not significantly change cell aggregation in NHK cells (Fig. 2A) . In contrast, ouabain reduced the ability of ADPKD cells to form cell aggregates in ADPKD after 30 min of incubation; and this effect persisted at 60 min (Fig. 2B) . These data suggest that ouabain affects the cell to cell attachment properties of ADPKD, but not NHK cells.
Ouabain enhances migration of ADPKD cells
Another functional consequence of EMT is the enhanced ability of cells to migrate [49, 50] . Therefore, we tested if ouabain was able to alter the migration rate of ADPKD and NHK cells, using wound healing assays. To achieve this, confluent cell monolayers were pretreated with ouabain for 24 h and the culture was scratched with a micropipette tip to inflict a wound. Repair of the wound in the presence and absence of ouabain was followed over time by taking serial images at 0, 4, and 8 h after the scratch was performed. In the presence of ouabain, a significant enhancement of migration occurred at 8 h after the scratch was inflicted in ADPKD cell monolayers, but not in NHK cell monolayers (Fig. 3A-D) . This suggests that ouabain is able to enhance cell migration, a characteristic of EMT, in ADPKD cells.
Ouabain selectively modulates tight junctions in ADPKD cells
Tight junctions between epithelial cells maintain the structure of the cell monolayer and form a semipermeable diffusion barrier that restricts the passive diffusion of molecules, according to charge and size (reviewed in [51] ). Tight junctions are dynamic structures formed by multi-transmembrane protein complexes, which include claudins and occludins, as well as scaffold proteins, such as ZO proteins [52] . Since we found ouabain to induce relaxation of cell-cell adhesion and increase cell migration, we hypothesized that ouabain may alter the expression of tight junction proteins. In addition, changes in tight junction proteins are part of the phenotypic changes of EMT [49, 50] . To test this, we cultured NHK and ADPKD cells for 24 h with 3 nM ouabain, after which whole cell lysates were prepared and a series of tight junction proteins were analyzed by immunoblot and immunocytochemistry. Ouabain did not change the overall level of tight junction proteins in NHK cells (Fig. 4A-C) . In contrast, ouabain differentially affected tight junction protein expression in ADPKD cells. While claudin-1 and ZO-1 were not significantly modified (Fig. 4A, and C) , occludin levels were elevated (Fig. 4B) . Immunofluorescence analysis of these proteins showed that ouabain did not change the plasma membrane localization of tight junction proteins in either NHK or ADPKD cells (Fig. 5A and B) . In addition, the amount of claudin-1 and ZO-1 in membrane fractions prepared from the cells did not vary in ADPKD cells, but the membrane levels of occludin were elevated ( Fig. 5C-E) . Longer incubation of the cells with ouabain (48 h) showed similar results, with no effect in tight junction proteins in NHK cells; and elevation of occludin-1 in ADPKD cells. However, after 48 h of treatment, ouabain was able to increase claudin-1 in the ADPKD cells (Supplemental Fig. 2 ). These results show that ouabain is a selective regulator of tight junction protein expression in ADPKD cells, upregulating the expression of both occludin and claudin-1 with different time kinetics.
Ouabain modulates adherens junctions in ADPKD cells in a selective manner
In addition to tight junction proteins, we explored the effects of ouabain on the expression levels and cellular localization of several adherens junction proteins, including E-cadherin, β-catenin, and vinculin in NHK and ADPKD cells. Ouabain did not cause significant changes of the expression levels of E-cadherin, β-catenin or vinculin in NHK cells (Figs. 1A, 6A and B) . In ADPKD cells however, ouabain decreased the expression levels of E-cadherin (Fig. 1A) , but did not affect the expression of β-catenin and vinculin ( Fig. 6A and B) . Therefore, similar to what occurred with tight junctions, ouabain selectively regulated the expression of adherens proteins in ADPKD cells, specifically decreasing the levels of E-cadherin. Ouabain did not change the cellular localization of E-cadherin, β-catenin or vinculin in NHK cells (Fig. 7A) . Similarly, ouabain did not alter the cellular localization (Fig. 7B) or plasma membrane levels ( Fig. 7D and E ) of β-catenin or vinculin in ADPKD cells; however, it reduced the amount of E-cadherin at the cell surface, as shown by immunocytochemistry (Fig. 7B ) and immunoblot analysis of this protein in plasma membrane fractions from ADPKD cells (Fig. 7C) . Longer incubation time with ouabain (48 h) did not change the overall levels of β-catenin or vinculin in ADPKD cells (supplemental Fig. 3 ). In conclusion, ouabain specifically alters E-cadherin expression in ADPKD cells, but not the other adherens proteins tested.
TER is altered in response to ouabain in ADPKD cells
Junctional complexes control the diffusion of ions and hydrophilic solutes across the paracellular route [52] . The ability of ADPKD cells to form cysts suggests that their junctional complexes function as a selective barrier to maintain the solute gradients across the epithelium that is necessary for passive water movement into the lumen of the cyst. However, some reports have shown that ADPKD is accompanied by alterations in the apical junctional complexes of the cells [21, 53, 54] . We tested whether ouabain modifies the transepithelial electrical resistance (TER) of NHK or ADPKD cells. To achieve this, we treated NHK and ADPKD cells without and with 3 nM ouabain for different times. We found that ouabain did not significantly change TER in NHK cells (Fig. 8A) . In contrast, ouabain enhanced TER in ADPKD cells, an effect which was observed at 48 and 72 h after the addition of ouabain (Fig. 8B) . These results suggest that ouabain enhances the capacity of ADPKD cells to maintain the tightness to the epithelium, which is needed to support the structure of the cysts.
The TGFβ-Smad3 signaling is activated by ouabain in ADPKD cells
Transforming growth factor β (TGFβ) is a key factor in the development of EMT and fibrosis in several kidney diseases [13, 50, 55, 56] , including ADPKD [12, 13, 57] . TGFβ stimulates the TGFβ receptor (TGFβR), which in turn activates the transcription factors Smad2 and Smad3. Together with Smad4, the Smad2/3 complex translocates into the nucleus and binds to regulatory elements on the DNA, leading to increased transcription of key genes which promote EMT [55] . We found that ouabain increased TGFβ levels in ADPKD cells treated with 3 nM ouabain for 24 h, compared to untreated cells (Fig. 9A) . In addition, the expression of Snail, a TGFβ target gene which governs EMT and fibrosis [58, 59] , was increased in response to ouabain (Fig. 9B) . These effects on TGFβ and Snail were not found in NHK cells (Fig. 9A and B) . When Smad3 signaling was analyzed, we found that ouabain activated the phosphorylation of Smad3 in ADPKD cells within 15 min of ouabain application. In contrast, ouabain did not promote Smad3 phosphorylation in NHK cells (Fig. 9C) . The involvement on the TGFβ pathway in the response of ouabain in EMT was confirmed by using the TGFβ/Smad inhibitor, SB431542 (Selleckchem, Houston, TX). The inhibitor was added, along with ouabain for 24 h at a final concentration of 5 μM. SB431542 abrogated the reduction of E-cadherin and the elevation of N-cadherin caused by ouabain in ADPKD cells (Fig. 9D) . Altogether, these results indicate that the EMT changes induced by ouabain in ADPKD cells are mediated through the TGFβ pathway.
Discussion
Ouabain is a factor that enhances certain phenotypic features of ADPKD cells, including an exacerbation of ADPKD cell proliferation and an increase in cAMP-mediated fluid secretion [60] . Ouabain and other cardiotonic steroids have been shown to induce EMT and modify cell junctional complexes in some epithelial cells in culture [28, 61, 62] . In this work, we found that, in contrast to NHK cells, ouabain exerts a series of effects on ADPKD cells that are compatible with EMT. This shows a novel effect for ouabain in ADPKD that is of high relevance to the disease, since by accentuating the de-differentiated state of the cystic cells, ouabain will contribute to exacerbate ADPKD. We found that ouabain modified the expression of several major markers of the mesenchymal phenotype, decreasing E-cadherin and increasing Ncadherin, αSMA, and collagen-I protein levels in ADPKD cells. While this supports the idea that ouabain is pushing ADPKD cells towards an EMT phenotype, we did not observe a complete transition of the cells to a mesenchymal phenotype, since markers, such as vimentin and fibronectin appeared not to be affected. While the classic definition of EMT includes the complete transition of the cells from an epithelial to a mesenchymal state [50] , recent studies in epithelial and cancer cells have recognized the existence of intermediate or "metastable" stages of EMT, suggesting that cells can display a wide range of EMT patterns [63] [64] [65] . Our observations indicate that ouabain induces a partial or metastable EMT status in ADPKD cells. An incomplete EMT state has been shown in renal cells under conditions of stress or wound repair after injury [66] [67] [68] [69] . It is important to note that our experiments were performed on primary cell cultures. It is possible that when placed under in vitro conditions, the cells exhibit some degree of spontaneous de-differentiation that is not present in the in vivo environment. This could result in relatively higher background levels of expression of EMT makers, which may make it more difficult to detect changes in EMTrelated gene expression. In any case, our results clearly show a specific response in ADPKD cells in favor of a higher mesenchymal phenotype. Moreover, the increase in collagen-I that ouabain induces in ADPKD cells, suggests that ouabain may contribute to fibrotic changes in ADPKD. Fibrosis is associated with the progression of ADPKD and is responsible for the deleterious consequences of ADPKD on renal function [70] . Therefore, the effect on collagen-I may represent another action by which ouabain contributes to ADPKD progression.
We also found that ADPKD, but not NHK cells respond to ouabain with selected changes in expression of proteins involved in cell tight and adherens junctions. Ouabain reduced E-cadherin and increased occludin in ADPKD cells. Changes in E-cadherin have been reported in ADPKD, probably due to disruption of the PC1/E-cadherin/β-catenin complex, which these proteins normally form [71] [72] [73] [74] . The effects of ouabain therefore appear to exacerbate the already abnormally low level of E-cadherin of ADPKD cells. Our immunocytochemical analysis showed that ouabain not only decreased E-cadherin amounts globally, but also at the plasma membrane of the ADPKD cells. Since we did not find E-cadherin increased in intracellular stores, it appears that ouabain either decreases the overall synthesis of E-cadherin, or causes its rapid degradation. The ouabain stimulated increase in the expression of occludin in ADPKD cells was unexpected, since occludin is commonly decreased in EMT [49] . Claudin-1 was not significantly affected by ouabain at 24 h of treatment; however, it was increased at 48 h. These changes in occludin and claudin-1 may represent a compensatory mechanism that allows the ADPKD epithelium to retain its structural integrity despite the lower E-cadherin amounts in the cells; and to maintain functional junctional complexes, which are necessary for the accumulation of fluid within the cysts. In addition, the incomplete EMT change caused by ouabain may also contribute to maintain tight junction functionality in the ADPKD epithelium, since cells with a complete EMT phenotype are incapable of generating an electrical gradient across the cell monolayer [26, 34] . In support of this, we found that ouabain increases TER of the ADPKD cell monolayers. Upper panels show the densitometric values, while bottom panels display representative immunoblots. C) NHK and ADPKD cells were treated with or without 3 nM ouabain and total and phosphorylated Smad3 (P-Smad3) levels were determined at the indicated time points. Bars represent P-Smad3 levels as a fraction of total Smad3 and relative to the untreated controls. D) ADPKD cells were treated for 24 h without and with 3 nM ouabain, and in the absence or presence of the TGFβ/Smad inhibitor SB431542. The levels of E-cadherin and N-cadherin were determined by immunoblot and quantified by the densitometric analysis of the corresponding bands on the blot. In all cases, bars represent the mean ± SEM of 3 determinations using cells from different ADPKD kidneys. Asterisks indicate statistical significance with respect to untreated controls, with P < 0.05.
Coincidentally, the increase in claudin-1 induced by ouabain occurs relatively late (48 h), when we detect the changes in TER. Interestingly, exogenous overexpression of claudin-1 has been shown to increase TER in MDCK cells [75] . At present, how the ouabain dependent changes in TER correlate with the composition of ADPKD cell tight junction proteins is unclear. Further studies will be needed to ascertain the structure function relationship of tight junctional complexes in these cells. [76] . Changes in tight junction proteins in response to ouabain treatment, with an increase in TER values have also been reported by Larre et al. [43] . However, these results (like in our study) did not define the structural basis for how TER changes correlated with regulation of different junctional proteins (reviewed in [51] ).
The decrease in E-cadherin and the metastable EMT state that ouabain promotes could explain the higher mobility and the reduced capacity that the ouabain treated ADPKD cells have for forming cellcell aggregates. Due to the different nature of the experiments, the changes in cell adhesion molecules and in cell-cell aggregation need to be determined at different times (24 h vs 30-60 min). It is possible that small changes in tight and adherens proteins occur early after ouabain addition. However, these changes would have been difficult to detect, due to the limitation of the immunochemical approaches that we used. Similar to our studies, ouabain induces loss of tight junction complexes and substrate detachment in MDCK cells. However, this response was obtained at relatively high concentrations of ouabain (1 μM) [77] , and this effect was not seen when lower concentrations of ouabain (10-50 nM) were used [43] . The lower ouabain concentration needed to elicit an effect on tight junctions in ADPKD cells compared to MDCK cells may depend on the different affinity that ADPKD cells have for ouabain, which is much higher than that of MDCK cells [27] . Another dissimilarity, is that MDCK cells responded to high ouabain doses with changes in a different subset of adhesion proteins than the ones we find modulated by low concentrations of ouabain in ADPKD cells. This could perhaps be attributed to differences in the cell type used in each of the studies. In any case, it appears clear that ouabain causes a remodeling of cell junctions that contributes to enhance the dedifferentiated cystic phenotype of the ADPKD epithelium and promotes cell mobility, which will help ADPKD cells to continue dividing and proliferating to increase cyst size. Also, this remodeling of the cell junctions allows the ADPKD epithelium to preserve its TER properties, which is necessary to maintain the structure of the cysts.
We have previously shown that ouabain causes an internalization of both the α and the β subunits of NKA from the surface to the cytoplasm of ADPKD cells [27] . The NKA β subunit is known to function as a cellcell adhesion molecule, which interacts with other Na,K-ATPase β polypeptides expressed at the plasma membrane of neighboring cells (reviewed in [42, 78] ). Interestingly, decreased expression of NKA has also been suggested as a marker of EMT [79] . Therefore ouabaininduced endocytosis of NKA subunits (an specifically the β polypeptide) may be an additional mechanism that could explain the decrease in cell-cell adhesion promoted by ouabain in ADPKD cells.
We previously found that human ADPKD cells have elevated TGFβ expression and aberrant expression of matrix molecules involved in fibrosis [80] . Here, we show that in ADPKD cells, ouabain increases the expression of TGFβ, leading to phosphorylation of SMAD3 and elevated levels of Snail protein. Moreover, the TGFβ/Smad inhibitor SB431542 blocked ouabain effects on E-and N-cadherin, supporting the idea that ouabain effects on EMT are mediated via the TGFβ/Smad pathway in ADPKD cells. Several studies in kidneys of ADPKD patients have shown that target genes of the TGFβ pathway are upregulated compared to normal controls [12, 13, 48] , with SMAD2/3 rather than SMAD 1/5/8 being activated [12, 13] . Therefore, the effect of ouabain on this pathway agrees with an enhancement on the ADPKD phenotype. TGFβ is a known driver of EMT, yet the targets of TGFβ signaling depend on the cell type (reviewed in [81] ). This may explain why in ADPKD cells we find that some, but not all markers of EMT are affected by ouabain.
Different from ADPKD cells, NHK cells do not respond to ouabain with changes in expression of EMT markers and adhesion proteins, nor they show modification in their cell-cell aggregation, migration and TER characteristics. This may depend on the lower affinity that the NKA of normal kidney cells have for ouabain, as we have previously reported [27] . This is important, since at the ouabain amounts used in this work, which are within the levels found to be circulating in blood, normal kidney cells will not be significantly affected. While in theory higher concentrations of ouabain could be expected to induce responses in NHK cells, this appears not to be the case. We have shown that higher ouabain amounts have a negative effect both in NHK and also in ADPKD cells, with concentrations of 0.1 µM and higher slowing the growth of these cells. This effect is presumably due to extensive inhibition of Na,K-ATPase activity and cell toxicity [27] . Therefore, other factors besides the affinity for ouabain are contributing to the response of the cells to this hormone.
In conclusion, we found a novel effect for ouabain in ADPKD cells, promoting specific transformations that resemble those of a partial EMT state. Importantly, these changes are consistent with an enhancement of an abnormal phenotype of ADPKD cells, further supporting the role of ouabain as a factor that promotes ADPKD progression.
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